A mathematical model to calculate the amount of ice formed instantaneously after a rapid expansion in high-pressure shift processes (HPSF) was developed. It considers that when water is expanded it does not extend over its melting curve but reaches a metastable state (supercooled water), which also occurs in practice. Theoretical results appear to agree with experimental data.
Introduction
With the recently increasing impact of high-pressure technology on food processing, there has been a lot of research dealing with the potential applications of highpressure effects on ice-water transitions. These can be classified in three groups: high-pressure freezing, highpressure thawing, and preservation in a nonfrozen state at subzero temperatures (1, 2) .
Two kinds of high-pressure freezing processes can be distinguished (3, 4) , but these are frequently confused in the literature:
(1) High-Pressure Assisted Freezing. In this process, phase transition occurs under constant pressure, higher than atmospheric pressure, while the temperature is lowered to the corresponding freezing point. In this way, ice I or other known ice polymorphs, all having a smaller specific volume than liquid water, can be obtained. Cooling of the sample proceeds from surface to center, so the freezing process is governed by thermal gradients. Ice nucleation only occurs in the outer zone of the product, and needle-shaped ice crystals grow radially to the center (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Different high-pressure assisted frozen products with ice I (tofu, carrots, Chinese cabbage, or agar gel) show no improvement in their microstructure or texture over those frozen at atmospheric pressure. Ice III and ice V produce less damage than ice I. Nevertheless, phase transition ice VI-ice V-ice III-liquid-ice I occurs in expansion, and microstructural damage is then produced (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
Substantial reductions in the freezing times of highpressure assisted freezing experiments have been described (4) in comparison with the times required to complete the process at atmospheric pressure, but the opposite has also been reported (15) . Reductions in time can be attributed to a decrease in the latent heat values of water (16) with pressure. Nevertheless, when the freezing process takes place under pressure, the ∆T established between the cooling medium and the sample is smaller, which increases the freezing times.
(2) High-Pressure Shift Freezing (HPSF). Phase transition occurs as a result of a pressure change that promotes metastable conditions and instantaneous ice production. Pressure can be released slowly, over several minutes (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , or quickly, in 1-2 s (15, 17, 18) . In each case, therefore, ice nucleation is produced through different levels of supercooling reached at different pressures, and hence freezing kinetics are different. On expansion, pressure release occurs instantaneously throughout the product (Pascal principle), and subsequently, a decrease in its temperature is produced. Largescale supercooling takes place throughout the sample, implying high ice nucleation velocities. Burke et al. (19) found that for each degree K of supercooling, the icenucleation rate increased ca. 10-fold. Small ice crystals of granular shape dispersing throughout the samples have been found by different authors experimenting with different products (5-14, 15, 17, 18, 20-23) , proving that ice nucleation occurs throughout the product and not only on the surface. Ice crystal diameters grow from the surface to the center of the product (22) as a result of the thermal gradients that are established at atmospheric pressure after expansion, while improvements in texture and histological damage have been reported by many authors in different high-pressure shift frozen products (5-14, 17, 18, 23) . Deteriorations have also been described in color, water holding capacity, and texture of meat products (24, 25) , depending on the level of applied pressure.
Some researchers have attempted to estimate the percentage of frozen water instantaneously produced just after a quick pressure shift. Otero et al. (26) calculated the amount of ice produced just after the expansion of different pressurized ice-water mixtures (210 MPa and -22°C). These authors obtained a maximum of 36% instantaneous ice from liquid water (0% ice in the initial pressurized mixture). Calculations were based on an analysis of variation of the thermodynamic properties of water along its melting curve (27) . These authors assumed the hypothesis that water always extended over its melting curve in expansion and that metastable conditions were not possible.
Nevertheless, many references (3, 4, 17) indicate that after rapid expansion (developed in 1-2 s), water actually remains in a liquid state at atmospheric pressure and subzero temperatures, at least for a few seconds, and thus the water is supercooled (metastable conditions). Slow expansions lead to metastable conditions only under pressure, and the melting curve is reached before the complete release of pressure, as soon as there is enough supercooling to produce ice nucleation.
Le Bail et al. (28) proposed the following simple heat balance:
where m w is the mass of liquid water, c pw is the specific heat capacity of liquid water at atmospheric pressure and 0°C (4180 J/kg‚K), ∆T sup is supercooling attained at atmospheric pressure, L is the latent heat of water at atmospheric pressure (333‚10 3 J/kg), and m i is the mass of ice. They obtained a m i /m w ratio of 0.25 after adiabatic expansion from 200 MPa and -20°C. Nevertheless, these authors did not take into account the sensible heat of instantaneously frozen water, the temperature dependency of heat capacities at atmospheric pressure, or the decrease in sample temperature after expansion. Adiabatic pressure changes induce temperature changes that can be estimated using the following equation:
in which calculation of the temperature change is complicated by the fact that the data required are pressureand temperature-dependent. The goals of this paper were to obtain a model to calculate the amount of instantaneous ice produced after rapid expansion with high-pressure shift freezing processes (HPSF), taking into account the metastable conditions to which the water is subjected, and to compare theoretical results with experimental data.
Materials and Methods
An agar gel (AGAR BIOS C from Biolife) containing 99% water was used as a food model. Immediately after dissolution of the agar in hot water, the mixture was placed in a cylindrical metal basket, 9 cm in diameter and 20.5 cm in height, perforated throughout and surrounded by a latex covering. The basket was closed with a plug having a central perforation through which to insert a thermocouple. Once gelification of the agar took place, it was stored in a refrigerator at 2°C. The final diameter of the agar gel was 9 cm and the height was 19 cm.
High-pressure shift freezing and conventional freezing experiments at atmospheric pressure were carried out in a high-pressure pilot unit (ACB GEC Alsthom, Nantes, France), which was previously tempered to the final freezing temperature in order to avoid heat loss during freezing of the agar gel ( Figure 1 ). The sample was placed inside a cylindrical chamber of 0.1 m diameter, 0.3 m height, and 2.35 L net volume. Pressure was applied at a rate of 25 bar/s by two hydropneumatic pumps with an ethylene glycol/water (75/25) mixture as compressing fluid. This fluid was also kept at the final freezing temperature. Heat regulation of the vessel was achieved by means of a laterally surrounding isolated coil connected to a cooling system. The refrigeration fluid was ethanol, which was pumped into the coil. The temperature in the sample was measured by two type T thermocouples located inside the chamber. A pressure gauge (type PR811, ASCO Instruments, Chateaufort, France) measured the pressure in the circuit. Temperature and pressure were recorded every second by a data acquisition system (Fluke Helios I) connected to a computer equipped with Labtech Notebook software (Laboratory Technologies Corporation, Wilmington, MA).
Freezing Experiments at Atmospheric Pressure (APF) inside the High-Pressure Vessel. The sample, at an initial temperature of 2°C, was placed in the center of the high-pressure vessel, previously cooled to a subzero temperature (-8, -12, -18, or -21°C), and two thermocouples were inserted, one at the thermal center, through the central hole in the plug, and the other at the surface, between the latex covering and the perforated basket.
Four conventional freezing experiments were carried out inside the high-pressure vessel at four different subzero temperatures (-8, -12, -18 ,and -21°C). Each experiment was repeated at least three times. The evolution of temperature with time was recorded every 15 s.
High-Pressure Shift Freezing Experiments (HPSF).
The sample, at an initial temperature of 2°C, was placed in the center of the high-pressure vessel, previously cooled to a subzero temperature (-8, -12, -18, or -21°C), and two thermocouples were inserted, one at the thermal center, through the central hole in the plug, and the other at the surface, between the latex covering and the perforated basket.
The sample was immediately pressurized to the desired pressure (92 MPa/-8°C, 130 MPa/-12°C, 180 MPa/-18°C, or 210 MPa/-21°C) and then cooled to the temperature of the cooling medium throughout. Sample was kept at the chosen subzero temperature and in an unfrozen state. The pressure was then released, and the freezing process was completed at atmospheric pressure.
Four high-pressure shift freezing experiments were carried out at four different subzero temperatures (-8, -12, -18, and -21°C). Each experiment was repeated at least three times. Temperature and pressure were measured every 15 s during all of the experiments, except for 1 min before and 1 min after expansion. During these periods, measurements were made every second. Figure 1 . High-pressure equipment.
Model 1. Theoretical Determination of the Ice Instantaneously Produced Just after Expansion in HPSF Processes without Considering Metastable
Conditions. As described in a previous paper (26) , in theory water extends over its melting curve in expansion (although in practice, it has been proved that liquid water enters metastable conditions). The percentage of instantaneously frozen water just after pressure release can then be calculated from the following equation (27): where V is the specific volume (m 3 /kg), p is the pressure (Pa), T k is the temperature (K), c p is the specific heat capacity (J/kg‚K), L is the latent heat (J/kg), and Z is the liquid water percentage in a mixture of ice and water (%).
The dependence of pressure on temperature along the melting curve of water can be expressed as (30) where and latent heat along the melting curve is expressed as a function of pressure (MPa) obtained from Hobbs' data (16) by linear regression:
The maximum relative error of eq 5 in relation to original data is 0.1%.
Time Needed To Complete the Freezing Plateau at Atmospheric Pressure. The following modified Plank's equation was proposed by Michelis and Calvelo (31) to determine the time needed to complete the phase change stage at atmospheric pressure (only latent heat is considered):
where the thermal conductivity K (W/m‚°C) of the frozen sample is evaluated at a temperature T ) (T r + T c )/2.
Results and Discussion

Model 1. Theoretical Determination of the Ice Instantaneously Produced just after Expansion in HPSF Processes without Considering Metastable
Conditions. From a theoretical standpoint (metastable conditions were not taken into account) and considering an initial percentage of 100% liquid water, the amount of ice that was instantaneously produced just after different adiabatic expansions from combinations of pressure and temperature over the melting curve of water was calculated using eqs 3-5. Results, shown in Figure 2 , indicate that the maximum percentage of ice produced, about 36%, corresponds to expansions from 210 MPa/-22°C. From these theoretical results, eq 7 was obtained by linear regression. This polynomial expression can be used to calculate the amount of ice instantaneously produced after an adiabatic expansion from an initial pressure p (MPa) to atmospheric pressure. ( dV dp ) Figure 3 shows the complete process. The lower part is a detail of the precooling phase and the expansion. The experiment starts in I: the sample is compressed up to 210 MPa and its temperature increases as a result of the compression. Precooling occurs under pressure until a temperature near the target freezing point is reached, with the sample always remaining in a liquid state, (phase diagram superimposed in Figure 3 ). Immediately after rapid expansion (1-2 s), the sample shows a temperature decrease due to pressure release. No change of phase occurs for 1-2 s, and liquid water is then supercooled at atmospheric pressure (metastable state). This high supercooling produces an uniform nucleation throughout the sample, with consequent latent heat production. The heat, suddenly released, cannot be removed quickly by the cooling system and is therefore absorbed by the sample, which increases temperature up to the melting point. Therefore, in high-pressure shift freezing (when the plateau is initiated at atmospheric pressure) there is already a percentage of frozen water uniformly distributed. The amount depends on the pressure and temperature values before rapid expansion.
To determine the percentage of instantaneously frozen water, taking into account the metastable conditions of liquid water after adiabatic expansion, the following heat balance is proposed:
where c j pi (J/kg‚°C) is the specific heat capacity of ice at atmospheric pressure (mean value of the specific heat capacity at the minimum temperature reached after expansion and the specific heat capacity at the melting point), c j pw (J/kg‚°C) is the specific heat capacity of liquid water at atmospheric pressure (mean value of the specific heat capacity at the minimum temperature reached after expansion and the specific heat capacity at the melting point), and ∆T (°C) is the difference between the minimum temperature reached after expansion as determined by eq 2 and the melting point at atmospheric pressure.
Hence, eq 8 states that the latent heat released in instantaneous ice formation raises the temperature in the sample up to the melting point.
Using eq 8, the percentage of instantaneously frozen water was calculated at different expansions for pressurized liquid water. The results (Table 1) show that the maximum amount of ice instantaneously produced, 29.1%, corresponds to adiabatic expansion from 210 MPa/-22°C . Figure 4 shows the final specific volume of a liquid water-ice mixture after adiabatic expansion from liquid water at 210 MPa/-22°C, calculated on the basis of the two models given above. Model 1 follows the melting curve (line path AE), and model 2 follows the experimental path, taking into account the metastable state of the liquid water after expansion (dotted line ACD). The thicker lines divide Figure 4 into three parts: on the left, liquid water; on the right, ice I; and in the middle, the mixture of both. The theoretical adiabatic expansions following the melting curve (path AE) produce the largest amount of instantaneous ice. However, it is not possible for liquid water to achieve expansions that always follow the melting curve. Knorr et al. (1998) have proved that water crystallization does not occur immediately when the melting curve is crossed, but nucleation under pressure requires substantial supercooling. The required supercooling seems to be greater for higher initial pressures. In fact, liquid water after rapid expansion enters a metastable state at atmospheric pressure. Thus, the real amount of instantaneous ice is always smaller than the theoretical amount because, as Figure 4 shows, the internal energy loss is smaller since less energy (P‚V) is required following path ACD than following path AE.
The amounts of instantaneous ice calculated in Table  1 correspond to expansions from values of pressure and temperature over the melting curve. Nevertheless, for a given temperature, maximum supercooling is reached after expansion from the maximum pressure possible in a liquid state. Therefore, the maximum pressure at which water remains in a liquid state for different temperatures (30) was calculated ( Table 2) . With these data, supercooling reached after expansion from these given pressures and the amount of instantaneously frozen water were derived using eqs 2 and 8, respectively. The maximum amount of ice, 29.1%, occurs for adiabatic expansion from 210 MPa/-22°C. However, it is interesting to note that, at least in theory, large amounts of frozen water, about 25%, could be obtained with expansion from relatively high temperatures, about -10°C, if pressure was in- creased. Levy et al. (15) compared the duration of freezing plateaus after releasing pressure from 300 MPa/-16.5°C and from 207 MPa/-18°C in oil-in-water emulsions. They concluded that releasing pressure from 300 MPa instead of 207 MPa did not appear to enhance nucleation because the duration of the freezing plateaus was unchanged. However, the temperatures were not the same in both cases. According to our model, about 27.2% and 24.9% ice would be produced after releasing pressure from 207 MPa/-18°C and 300 MPa/-16.5°C, respectively. This means a difference of 0.3 min between the freezing plateaus, taking into account the time required at atmospheric pressure (11 min). The actual difference was 0.4 min and therefore agrees with the model.
It is known that atmospheric pressure freezing processes (APF) are subject to thermal gradients, and samples therefore cool gradually from surface to center. Also, there is overlapping of the different stages of the freezing process. Thus, when the outer zone of the sample is already frozen and its temperature is decreasing (tempering stage), the intermediate zone of the product may be changing phase with its center still not much below 0°C (precooling stage). However, in the highpressure shift freezing process (HPSF), the precooling stage, which takes place under pressure, is radically separated from the phase change, as shown in Figure 3 . Here, the change of phase commences simultaneously throughout the sample, immediately after expansion. The process then proceeds at atmospheric pressure and thermal gradients appear after initial nucleation.
To determine experimentally the amount of ice instantaneously produced after expansion in high-pressure shift freezing experiments, the time required to complete the freezing plateaus in the two types of processes assayed (APF and HPSF) were compared. The agar gel samples were tempered throughout at 2°C in order to eliminate the precooling stage in APF experiments and hence overlapping between this stage and the phase change. Figure 5 shows the theoretical values required to complete the freezing plateau in the agar gel samples at atmospheric pressure and at different freezing temperatures, calculated on the basis of eq 6, and the corresponding experimental values. Time needed to complete the freezing plateau at the center of the agar gel was determined from the recorded data taking into account that the change of phase in APF processes begins when the surface of the sample reaches the freezing point. Theoretical and experimental data agreed with a maximum relative error of 4%. Figure 6 compares freezing performed with agar gel at atmospheric pressure/-21°C and high-pressure shift freezing from 210 MPa/-21°C. The time required to complete the freezing plateau in agar gel is much greater at atmospheric pressure than in the HPSF process. This demonstrates that a percentage of the water in the sample has been frozen instantaneously just after expansion. Table 3 shows the time theoretically required to complete the freezing plateau in agar gel samples for the four different high-pressure shift freezing experiments. These values were calculated taking into account the percentage of ice instantaneously produced after expansion (eq 8), and the time required to freeze the sample at atmospheric pressure (eq 6). (15), using HPSF and APF processes in emulsions of oilin-water, obtained 20% instantaneous ice after a quick expansion from 207 MPa/-18°C. We obtained about 24.9% ice using these conditions. Divergences between data in the literature and the results obtained from eq 8 are presumably due to the fact that our model was developed for pure water and quick adiabatic expansion. Data in the literature refer to foodstuffs and food models, and it is not always clear how the expansion was achieved. In addition, the freezing plateau times at atmospheric pressure in the literature frequently include precooling time. In such cases comparisons with a "pure freezing plateau" in HPSF cannot be made.
Conclusions
With Model 2 presented here it is possible to calculate with reasonable accuracy the amount of ice produced instantaneously just after a real rapid expansion in highpressure shift freezing (HPSF) processes, as the experimental data show. Previous models (Model 1) did not consider the metastable conditions that water attains after the release of pressure and, therefore, tended to overmeasure the amount of ice produced. This amount depends only on the values of pressure and temperature before expansion if this is fast enough.
Model 2 also shows that it is theoretically possible to freeze high percentages of water at a given subzero temperature by increasing the pressure before expansion. More research is needed to verify this. However, the maximum percentage of instantaneous ice that it is possible to produce is 29.1% at 210 MPa/-22°C. 
